Piezoelectric Materials have played a pivotal role in the progress of Science and Technology since the First World War, being used historically as naturally occurring transducer for precise measurement or to transform energy from one form to the other while currently being used in the MEMS domain for sensing or energy harvesting. Thus this paper reviews piezoelectric materials and their applications in MEMS as thin films by categorizing the known materials in 3 types namely Naturally Occurring Materials, Piezoelectric Ceramics and Piezoelectric Polymers. Piezoelectric constants of the above mentioned materials are also enlisted.
INTRODUCTION
Piezoelectric materials have been largely used in transducers since the last century 1 . Moreover, many piezoelectric materials have been synthesized by blending two compounds in appropriate proportions to tailor the properties of the so formed materials to suit the application 1 . After the discovery of naturally occurring piezoelectric materials, perovskite structured piezo-ceramics have been synthesized with far better piezoelectric constants and mechanical stability 1 . Currently for MEMS, thin films of compounds like Zinc Oxide, PZT, and Aluminium Nitride are being produced which have an enhanced performance due to the selected process parameters during their manufacturing 2 . Piezoelectric materials also are manufactured as a composite with the help of a synergic effect of a polymer and its ceramic phase to get the best fit of intermediate properties 3 . This paper discusses the trends in piezoelectric materials and their piezoelectric properties used as thin films with their application in MEMS devices.
Naturally occuring materials
The most common naturally occurring materials showing piezoelectricity are Quartz, Berlinite, Sucrose, Rochelle Salt, Cinnabar, Topaz and the Tourmaline group. Quartz is the first piezoelectric material to be found which has a crystalline structure made up of a continuous framework of SiO 4 silicon-oxygen tetrahedral with each oxygen atom being shared by two tetrahedral. The overall Quartz structure is an intermingle of two helices with different handedness with each SiO 4 being a member of the above mentioned helices. Thus overall the structure is not polar unless subjected to a pressure which results in a polarized structure.
The reported values of naturally occurring quartz crystal owing to its piezo-electric coefficients and dielectric properties are given below in Table 1 , where 'K' refers to coupling constant.
However due to a serious dear th of naturally occurring materials, quartz is also being synthesized artificially with the same physical, electric and chemical properties but the Quartz wafer is cut at different angles making them suitable for various applications according to the frequencies it can work with as shown in the Table above   1 .
Quartz Crystal have also been deposited on silicon substrate as a thin film to be used as FBAR(Film Bulk Acoustic Resonator) working in frequencies close to 200MHz with a coupling factor close to 0.004 and thermal expansion coefficient being equal to 26 ppm /°C 4 . Quartz crystal has also been used as a part of MEMS motion sensing devices like the accelerometer and as a resonator [5] . Quartz has been inculcated in temperature sensor, as the frequency of the resonator is subject to change with temperature and precise calculations are possible with the temperature coefficient of frequency being 75ppm/°C 5 . Quartz is also been seen as an alternative to silicon in MEMS inertial sensors, as an accelerometer using fluoride based chemical etchant and chromium gold thin foil as a masking agent in Quartz (using electrodes to induce vibration) has been fabricated yielding 'Q' values of 7000-8000 [6] .It has also found application as a transducer( a Quartz tuning fork ) to be used for photo-acoustic detection of trace gases with the reported sensitivity of 5.4 X 10 -9 cm -1 W/(Hz) .Due to its bad behaviour to change in temperature and being water soluble it is not currently being used and also has not been fabricated as a thin film. The known piezoelectric coefficients ('d' and 'g') of Rochelle Salt obtained with the help of X-ray multiple diffraction are given in Table 2 ,
Piezoceramics
Piezoceramics first came into being due to high dielectric constant observed in BaTiO 3 due to its ferroelectricity (a phenomena in which a polar state exists before the application of pressure).BaTiO 3 was the first piezoelectric ceramic developed which namely exists in two basic structures a perovskitic form which is ferroelectric at temperatures below 1460°C and a hexagonal form which is stable above 1460°C [10- .Thin films of BaTiO 3 have been used for energy conversion after having deposited on a flexible substrate and then used for electrical power generation by bending the corresponding with the nano-generator producing voltage up to 1V 12 .Most of the known piezoceramics have a perovskitic structure in which larger cations occupy the corner of the cubic unit cell while smaller cations are at the body centre and oxygen atoms at the centre of each face 7 .0 X 10 -10 C/N d 22 2.2 X 10 -9 C/N d 23 2.1 X 10 -9 C/N d 25 3.7 X 10 -11 C/N Along with these naturally occurring materials, organic substances like tendon, silk, wood and dentin are also known to be piezoelectric materials. Table 5 and 6, PZT is at the heart of various applications due to the attributes given in Table 7 below, Ultrasonic motors have also been fabricated in MEMS using PZT thin films but however its actuation requires large current compared to electric static motors [16] .Due to its ferroelectric nature it has also found use in NVRAMs due to its switchable configurations being used as memory states and in SAW devices and pyroelectric sensors 17 . . LiNbO 3 and LiTaO 3 are being used extensively as electro-optic, photorefractive, and non-linear optical crystals and being poled ferroelectrics they are also used in memory storage 18 . Some of the other known compounds with their Curie temperatures are given below in Table 8 . Relaxor ferroelectrics have a diffuse, frequency dependent permittivity. Some examples of relaxor ferroelectrics are PMN-PT, PZN-PT and PIN-PT .As the properties of relaxor ferroelectrics can be 'tuned' it is used to sense acoustic waves of various frequencies and depth profiles 19 .
Polymers
Piezoelectricity was first seen in PVDF in 1969 [20] and later was discovered in copolymers of vinylidene fluoride, trifluoroethylene, vinyl-cyanide, vinylacetate and nylons along with various biopolymers 20 . Piezoelectric constants (in the shear direction) of various bio-polymers have been given below in Table 9 , 21 .A film of copolymer vinylidene cyanide and vinyl acetate was poled at 150°C and a piezoelectric constant of 5pC/N was observed 22 . PVDF has a glass transition temperature of -35°C and is found to be partially crystalline. Thin films of PVDF also have shown superior piezoelectric constant of 6-7pC/N .Thin films of P(VDF/TrFE) with a molar ratio (75/25) have also been synthesized with thickness ranging 5-100 micrometers 20 . Thin films of polyurethane have also been synthesized using vapour deposition methods 20 . PVDF has been used extensively in ultrasonic imaging as a transducer with operating frequencies of 60-85kHz 23 .Piezoelectric polymers like PVDF having low permittivity, low thermal conductivity and flexibility with low acoustic loss are used extensively in shock sensors, vibration control and tactile sensors 24 .
CONCLUSION
From literature a categorization of natural and artificial piezoelectric materials was done and their piezoelectric properties and constants were enlisted. Similarly it was shown that they could also be used for thin film applications in MEMS devices.
